Introduction
As the fossil resource is exhausted gradually and has made severe damage to global environment, it is crucial to use energy economically and efficiently. Supercapacitor (Electrochemical capacitor) is a promising energy storage device of fast charge/discharge and long lifetime [1] . It has higher energy density than conventional capacitors and higher power density than batteries, and could be widely applied in a variety of areas such as electronics, hybrid vehicles and stationary energy storage to build a low carbon society [2] .
In our previous work [3] , a systematic series of composite films of polypyrrole (PPy) and functionalized multi-walled carbon nanotubes (F-MWNTs) were fabricated and used as electrode materials of supercapacitors. It is found that when MWNTs are functionalized for 24h, the obtained PPy/F-MWNTs composite would have a high specific capacity as well as fast charge/discharge capability and long cycle life. In the present work, this specific composite will be closely investigated for their structure, morphology and electrochemical performance as an optimized electrode material of supercapacitors.
Experimental Materials
Py (Fluka, 99%) was distilled prior to use and was stored at -10℃. MWNTs (Purity > 95%) were purchased from Shenzhen Nanotech Port Co., Ltd. The as-received MWNTs were first refluxed in HNO 3 to remove the residual catalyst and amorphous carbon, and were then functionalized by sonicating with a concentration H 2 SO 4 /HNO 3 solution (3/1 volume ratio) in a water bath for 24h. Detailed approach can be found in ref. [4] .
Electrode Preparation
A PPy/F-MWNTs composite electrode (1cm×1cm) was galvanostatically prepared at a current density of 1mAcm -2 on the tantalum (Ta) electrode in an aqueous mixture of 0.1M Py and 0.1wt.%-1wt.% functionalized MWNTs. 0.3M p-toluenesulfonate acid (TOS) was added as a surfactant and supporting salt. The polymerization time was 1h corresponding to a polymerization charge of 3.6coulomb.
The morphology of the composite was observed by a Field Emission Scanning Electron Microscope (FESEM, JEOL, JSM-6700F). Fourier Transform Infrared Spectroscopy (FTIR, Bruker, VERTEX70) and Thermo Gravimetric Analysis (TGA, NETZSCH, STA 449C) were carried out to study the structure and thermal behavior of the composite.
Electrochemical tests
The electrochemical performance was investigated by cyclic voltammetry (CV), Electrochemical Impedance Spectroscopy (EIS) and Galvanostatic charge/discharge (GC) techniques in two-electrode systems, and the electrolyte was 2M KCl aqueous solution. All electrochemical tests were performed on Versatile Multichannel Potentiostat 2/Z (VMP2, Princeton applied research).
Results and Disccussion
The composite film was synthesized by two steps. During the first step, the as-received MWNTs were purified and were cut into smaller size, as well as were functionalized with C-O and C-OH groups [5] which improved the solubility and wettability of MWNTs and strengthened the bonding between MWNTs and PPy molecular in the second step of polymerization. MWNTs are coated by PPy on the surface via these functional groups and PPy is doped by MWNTs, thus forming a porous film as displayed in Fig.1 . The high surface area from these pores will increase the capacitance and cycle performance of the composite. One may note there is a special nanotube (arrow) in the SEM picture, which is partly wrapped by PPy. Perhaps, the uncoated segment was caused by partial breakage of the film when the microscopic test was being taken, but gives a direct and detailed image of the composite morphology. FTIR patterns (Fig.2 (a) ) indicates PPy/F-MWNTs composite contains both the characteristic peaks of PPy and MWNTs. More importantly, those peaks in PPy/F-MWNTs are positioned in the middle of their correspondences in PPy and MWNTs, which suggest the interaction and compromise of the two components in the final product [6] . The thermal stability of the composite was investigated by TGA in Fig.2 (b) . The ramp rate was 10 o C/min from room temperature to 800 o C under an air flow of 30mL/min. With similar thermal trend, PPy/F-MWNTs composite has the best thermal stability while PPy has the worst. Confirming
the good thermal behavior of carbon nanotubes as have been known, the superior thermal stability is no doubt helpful to the long cycling performance of the composite as a supercapacitor electrode. We think the functional groups play a great role here as the two components (F-MWNTs and PPy) are strongly bonded by these groups, and the synergistic effect creates a result of 1+1>2. Fig.3 (a) , which might come from hysteresis of Faradaic reaction during scanning. Therefore, the voltage window was set between 0-0.6V in Fig.3 (b demonstrates the fast charge/discharge ability of the composite film. As skeleton of the film network, carbon nanotubes may provide the electron transfer channel and contribute to the fast charge/discharge trait. The EIS was measured between 100kHz -10mHz using an ac voltage of 10mV at different dc voltages. The Nyquist plot in Fig.4 consists of two parts: the charge transfer resistance (Rct) at high frequencies and the Warburg diffusion resistance (Rw) at low frequencies. At open circuit voltage (OCV), the Rct (semi-circle) is 1Ω, which increases to 1.5Ω when the voltage is promoted to 0.8V. Compared to 5Ω at OCV and 45Ω at -0.4V (vs. SCE in three electrode system) of PPy films [5] , the addition of MWNTs increases the counterion diffusion coefficient in the composite because of the porous morphology. Therefore, the impedance angle at low frequency region is nearly -90 o and exhibits an ideal capacitance behavior.
Furthermore, the cyclic property of PPy/F-MWNTs is investigated by galvanostatic charge/discharge in Fig.5 . It retains 94% of its initial capacity after 1000 cycles (Fig.5  (a) ) and the discharge efficiency (discharging capacitance divided by charging capacitance, Fig.5 (b) ) is stable at 98.7% during cycling. In addition to the good thermal stability, MWNTs can imbibe the volume change to avoid film shrinkages, cracks and even breaks during long life cycling. As a result, the electrochemical performance of the composite is improved noticeably with high capacitance, fast charge/discharge rate, long cycle life, large energy density and high efficiency. 
Conclusions
PPy/F-MWNTs composite film is a good electrode material for supercapacitors as high efficient energy storage and conversion devices. The specific capacitance could reach 243Fg -1 at the scanning rate of 10mVs -1 , and 220 Fg -1 at 200mVs -1 . Moreover, it shows very rapid charge/discharge ability and long cycle life due to the easy accessibility of counterions to the film and the synergistic effect of the two components. Further work is being done to study the detailed interaction between carbon nanotubes and PPy in the composite during charge/discharge by Electrochemical Quartz Crystal Microblance (EQCM).
